Background: Protecting the upper airway from microbial infection is an important function of the immune system. Proper detection of these pathogens is paramount for sinonasal epithelial cells to be able to prepare a defensive response. Toll-like receptors and, more recently, bitter taste receptors and sweet taste receptors have been implicated as sensors able to detect the presence of these pathogens and certain compounds that they secrete. Activation of these receptors also triggers innate immune responses to prevent or counteract infection, including mucociliary clearance and the production and secretion of antimicrobial compounds (e.g., defensins).
T he immune system's ability to recognize and communicate information to the nervous system about the presence of viruses and bacteria has earned it a label as the so-called sixth sense. [1] [2] [3] Because humans are constantly being exposed to a myriad of potentially pathogenic organisms, it is important for the body to be able to recognize the presence of these organisms so that an adequate counterattack can be mounted against them. As with the other senses, there must be mechanisms by which signal transduction occurs. The purpose of this review was to summarize the current state of knowledge of these innate defenses and the signal transduction mechanisms that control them.
In upper respiratory diseases, e.g., chronic rhinosinusitis (CRS), the inability to properly identify, destroy, and clear the airway of harmful bacteria can lead to recurrent bacterial infection, biofilm formation, and/or persistent inflammation of the paranasal sinuses. 4 Although multiple etiologies are associated with CRS, a common pathophysiologic sequela is ineffective sinonasal mucociliary clearance, 4 a mechanism by which debris is removed from the airway lumen in the nondiseased state. Symptomatically, CRS is associated with nasal congestion, rhinorrhea, sinus pressure, and a decreased sense of smell that persists for Ͼ12 weeks. 5 Due to the chronic nature of the disease, CRS requires prolonged treatment and drastically decreases patients' quality of life. 4 Although CRS affects ϳ1 in 20 adults in the United States 6 and accounts for Ͼ$8 billion in direct health care costs, [7] [8] [9] there are less prevalent but nonetheless critically important diseases, e.g., cystic fibrosis, that also cause recurrent upper airway infection and sinonasal inflammation. 4, 5 To better treat these diseases, a more thor-ough understanding of the function of innate immunity in the upper airway in the healthy state and its dysfunction in the pathologic state is required.
Confounding our ability to make sense of the innate immune system and its role in defending the sinonasal cavity against pathogens is the fact that, much like the gut, the upper airway has a resident microbiota of commensal nonpathogenic bacteria that maintains a healthy environment. Thus, the cells of the upper airway must be able to differentiate between healthy bacteria and pathogenic bacteria. Although recent studies used molecular diagnostics in an attempt to determine the makeup of the microbiome of the human sinonasal cavity in both healthy patients (i.e., those without CRS) and patients with disease, there has not been consistent evidence to indicate that any specific microorganisms are causative of the diseased condition. 5 There, however, is evidence to indicate that there is dysbiosis, or a microbial imbalance, in addition to reduced microbial diversity associated with CRS. 5 When local inflammation is the result of bacterial community dysbiosis, this indicates that the natural balance of microorganisms is immunomodulatory. 10 
METHODS
Existing reviews about sinonasal innate immunity as well as primary publications of which we were aware were used as the initial source of information for this systematic review. In addition to these resources, PubMed was used as the primary data base to conduct keyword searches for relevant publications. Example search terms included "sinonasal innate immunity," "chronic rhinosinusitis pathogenesis," and "antimicrobial compounds." No exclusion criteria for articles were used. Ultimately, 85 publications were selected for inclusion in the systematic review.
The Epithelial Cell Barrier as the First Line of Defense
Sinonasal mucosal epithelial cells adhere to one another to form a physical barrier that protects the underlying sinonasal tissue from inhaled pathogens, allergens, and other airborne irritants. Cell junctions, including desmosomes, adherens junctions, and tight junctions, are the intercellular connections responsible for cellular adhesion, which make such a physical barrier possible. 5 For patients with CRS,
however, there is evidence to indicate that this barrier is not fully functional. A decrease in expression of the tight junction proteins zonula occludens-1 and occludin was found in specimens from patients with CRS with nasal polyps compared with those from healthy controls. 11 Air-liquid interface cultures from patients with CRS with nasal polyps also demonstrated decreased transepithelial electrical resistance compared with healthy controls. 11 There are conflicting beliefs as to whether epithelial cells in patients with CRS are intrinsically faulty or, instead, have dysfunction due to certain environmental exposures or a response to internal stimuli. 5 Pathogenic mi-crobes have also been observed to play a role as external actors that harm the integrity of the sinonasal epithelial cell barrier by producing proteases that can cleave tight junction proteins and/or activate epithelial changes through protease-activated receptors. [12] [13] [14] [15] This, in turn, could further exacerbate microbial infection, colonization, and biofilm formation. 5
Mucociliary Clearance: Mopping Away Bugs and Debris
Although coughing and sneezing serve supplementary reflex functions for the lung and sinonasal cavity, respectively, mucociliary clearance is the primary mechanism by which the airway epithelium removes pathogens and debris from the airway lumen ( Fig. 1 ). It is a specialized function made up of two complementary components: mucus production and mucus transport. The airway surface liquid that sits atop the epithelium consists of two layers. The superficial layer is composed of an antimicrobial-rich mucus "gel," which is composed of glycosylated mucin proteins produced by the mucous cells of the submucosal exocrine glands 16, 17 and epithelial goblet cells. [18] [19] [20] The carbohydrate side chains of the mucins serve as "sticky" binding sites that trap inhaled pathogens and irritants. Below the mucus layer is a less-viscous periciliary fluid layer that permits the submerged cilia of the airway epithelial cells to beat rapidly at a frequency of ϳ8-15 Hz. Perpetual, coordinated ciliary beating enables transport of the overlying mucus layer, along with any trapped debris and pathogens, to the oropharynx. The mucus and particulate matter are then swallowed or expectorated.
Small molecule neurotransmitter and neuropeptide receptors are largely responsible for regulating ciliary beating 21 and airway surface liquid secretion. 22 Other receptors also regulate mucociliary clearance, including, e.g., the bitter taste receptor (T2R) T2R38 (discussed below in Regulation of Antimicrobial Compounds) that binds bacterial metabolites 23 and those receptors that respond to mechanical stimulation. 24 Studies found that dehydrated mucus, as occurs in patients with cystic fibrosis, 22, 25, 26 and increased mucus production 27 can lead to mucociliary clearance dysfunction. Abnormalities that affect epithelial cilia function may also result in impaired mucociliary clearance. 28 (bottom) . The mucus layer is largely composed of sticky mucin proteins produced by goblet cells and submucosal exocrine glands (not depicted) that trap inhaled pathogens. Ciliated epithelial cells similarly are responsible for regulating ASL secretion into both the mucus layer and the PCL as well as regulating ciliary beating. Ciliary beating is facilitated by the PCL, which surrounds the cilia and allows them to beat rapidly, and drives mucociliary clearance, which removes trapped pathogens from the sinonasal cavity. Ciliated epithelial cells also secrete antimicrobial peptides and reactive oxygen and nitrogen species capable of directly killing pathogenic microbes. In cases of prolonged pathogenic exposure, sinonasal epithelial cells secrete cytokines, which activate an inflammatory response and recruit immune cells. Further, physical obstruction of sinus ostia or mucostasis can cause hypoxic conditions within the cellular environment, which inhibits ion transport 30 or induces nasal polypogenesis, 31 either of which can lead to decreased mucociliary clearance. In fact, there is evidence that these near-anaerobic conditions may significantly contribute to the pathogenesis of CRS. 30, [32] [33] [34] Regardless of the mechanism by which mucociliary clearance dysfunction arises, the inability to effectively clear the sinonasal cavity of inhaled pathogens and debris via mucociliary clearance is likely to play a role in the development of this chronic condition. For this reason, therapeutic approaches intended to increase ciliary beating or regulate airway surface liquid secretion remain attractive targets for treatment of CRS.
Antimicrobial Peptides and Radicals
Simultaneously carrying out mucociliary transport and functioning as a physical barrier, sinonasal epithelial cells also generate and secrete antimicrobial compounds to directly counteract pathogens (Fig. 1 ). These compounds have various antibacterial, antifungal, and antiviral effects, and include proteins such as lysozyme, lactoferrin, defensins, and cathelicidins as well as reactive oxygen and nitrogen species, e.g., nitric oxide (NO). 35 Although some of these substances are secreted tonically, many demonstrate upregulated expression during active infection. 5 Lysozyme is an enzyme present in many tissues and almost all bodily fluids, especially mucus, saliva, tears, gastric juice, and mother's milk. 36, 37 It catalyzes the hydrolysis of the ␤-1,4-glycosidic linkages in the peptidoglycan layer of bacterial cell walls. 38 For this reason, lysozyme has a higher affinity for gram-positive bacteria due to their thick peptidoglycan; however, effects against gram-negative bacteria 39, 40 and fungi 41 have also been observed. Several studies found that the amount of lysozyme produced by epithelial cells is well correlated with the elimination of pathogens. 42 In the study of CRS, there remains some debate as to whether lysozyme levels are increased or decreased. 5 Lactoferrin functions to chelate essential iron away from bacteria and fungi, which they use for metabolism. [42] [43] [44] As a cofactor for oxidationreduction reactions, 43 iron is used by bacteria to catalyze mucin degradation, which aids the bacteria in penetrating the mucosal barrier and colonizing the airway. 5 However, lactoferrin also has direct antimicrobial effects. By chelating iron, lactoferrin inhibits the development of biofilms in Pseudomonas aeruginosa, an opportunistic sinonasal pathogen, by stimulating a specialized type of surface motility known as bacterial twitching. 45 Lactoferrin also binds bacteria directly via conserved structures known as pathogen-associated molecular patterns, such as lipopolysaccharide in the gram-negative bacteria cell wall and unmethylated 5'-Cphosphate-G-3' dinucleotide sites in bacterial DNA. 5 In doing so, lactoferrin may prevent these pathogen-associated molecular patterns from binding to proinflammatory receptors in the airway. 46 This anti-inflammatory response can help prevent the harmful effects of chronic inflammation, e.g., tissue damage, which can result in more-extensive pathogenic colonization. Through the binding of lipopolysaccharide, lactoferrin can disrupt the membrane of gram-negative pathogens and work in tandem with lysozyme to kill these bacteria by giving the enzyme access to attack peptidoglycan. 42, 47 In CRS, there is evidence that lactoferrin levels are decreased, particularly in patients with bacterial biofilms. 5, 48 Defensins are an antimicrobial peptide family distributed rather ubiquitously in mammalian epithelial cells and phagocytes. 49 Members of both defensin subfamilies, ␣and ␤-defensins, are expressed in sinonasal epithelial cells. They have far-reaching antimicrobial properties, which are capable of affecting membrane permeabilization in both bacteria and fungi, and of exhibiting a wide range of antiviral effects, including directly attacking viral envelopes, capsids, and glycoproteins, inhibiting viral entry, and preventing viral replication. 5, [50] [51] [52] Defensin expression is upregulated in the airway epithelium on pathogenic bacterial or viral exposure, 53, 54 and elevated levels of ␤-defensins correlate with inflammation in patients with cystic fibrosis. 42 Cathelicidins are another major class of antimicrobial peptides, although LL-37 is the only cathelicidin member found in humans. LL-37 is produced in the human nasal mucosa and has extensive antimicrobial properties. In animal models of CRS, LL-37 has been found to exhibit effects against P. aeruginosa biofilms and to diminish their bacterial counts. 55 Similarly, it has been shown to restore bacterial killing of P. aeruginosa and Staphylococcus aureus to noncystic fibrosis levels when overexpressed in a cystic fibrosis animal model. 56 LL-37 may also have anti-inflammatory properties, which counteract the effects of the gram-negative endotoxin lipopolysaccharide. 57 Recent research has focused on the relationship between vitamin D and the regulation of the LL-37 gene in sinonasal epithelial cells 58, 59 and the implications of this in innate immunity, 60 CRS, and allergic rhinitis. [61] [62] [63] [64] Reactive oxygen and nitrogen species generated by the sinonasal epithelium are also thought to play an essential role in upper airway innate immunity. NO in the upper airway originates predominantly from the paranasal sinuses, particularly the maxillary sinuses. 65 NO is formed from arginine in a reaction catalyzed by several isoforms of the enzyme NO synthase, which are expressed in cilia and microvilli of epithelial cells. 66 Reactive species such as NO and its derivatives, including peroxynitrite formed readily on reaction of NO with superoxide, 67 have been shown to exhibit antimicrobial properties. There is evidence that reactive species can damage bacterial DNA, modify proteins, 68, 69 and prevent viral replication. 70 Although the production of NO has been implicated in some studies as an important mechanism for host defense, [71] [72] [73] others indicate that it may have damaging effects on the host. 74 Perhaps there is a delicate balance between NO levels that provide beneficial protection against pathogenic microbes and those levels that contrastingly enhance microbial growth.
Regulation of Antimicrobial Compounds
To mount an appropriate immune response, there must be mechanisms by which the cells of the sinonasal epithelium can detect and react in a measured manner to potentially harmful threats in the airway. Toll-like receptors (TLR) are one mechanism by which this is accomplished. TLRs recognize pathogen-associated molecular patterns, discussed previously, such as lipoteichoic acid in gram-positive bacteria, lipopolysaccharide in gram-negative bacteria, bacterial DNA, and the bacterial protein flagellin. 35 There are ϳ10 TLRs expressed in sinonasal epithelial cells, and their levels of expression are altered in patients with CRS. 71, 75 When stimulated, TLRs upregulate transcription and/or translation of antimicrobial peptides and mucin proteins that make up the mucus layer of airway surface liquid and trap pathogens. 42, 76 These responses occur over several hours to days. As such, the function of TLRs in this capacity is likely to combat prolonged infection or colonization. TLRs, on stimulation, also trigger the release of cytokines and chemokines, which serve to activate an inflammatory response and recruit immune cells (Fig. 1 ). There is evidence that patients with CRS, compared with healthy controls, produce less interleukin 8, a chemokine, in response to TLR agonists. 5 In addition to TLRs, there is an evolutionarily newer class of receptors that have recently been discovered to play a role in upper airway innate immunity. Recent studies 23, 76 demonstrated that the mammalian "sixth sense" immune system actually uses components of the traditional sensory signal transduction pathways, viz., chemosensory taste receptors that fall under the superfamily of G-protein-coupled receptors. Although originally identified as "taste" receptors on the tongue, two subfamilies of taste G-proteincoupled receptors have now been found in many other tissues throughout the body. 35 In the airway, T2Rs and sweet taste receptors (T1R) have recently been demonstrated to serve a defensive role that guards the airway against infection. 77 The discovery of
T2Rs in sinonasal epithelial cells was quite interesting to researchers, given the ability of T2Rs to detect the presence and defend against the ingestion of harmful compounds in the oral cavity. 78 In humans, there are ϳ25 functional isoforms of T2Rs. 78 Although multiple T2Rs have been demonstrated to be expressed in the sinonasal cavity, one isoform expressed in ciliated epithelial cells, T2R38, has been demonstrated in vitro to affect an increase in mucociliary clearance and the production of bactericidal amounts of NO on stimulation by physiologic concentrations of acyl-homoserine lactone quorum sensing molecules used by gram-negative bacteria, e.g., P. aeruginosa, to communicate with one another (Fig. 2) . 23 The gene encoding T2R38, TAS2R38, has two common polymorphisms in white populations, one that encodes a functional form of the receptor and the other encodes a nonfunctional form. 78 The in vitro studies that identified T2R38 as the host protein receptor for acyl-homoserine lactone quorum sensing molecules were complemented by subsequent in vivo studies that correlated the nonfunctional form of T2R38 with susceptibility to CRS 78-82 and gram-negative upper airway infection. 23 T2Rs are also expressed in solitary chemosensory cells, another cell type of the sinonasal epithelium. Activation of solitary chemosensory cells via T2Rs triggers a calcium signal that propagates to other epithelial cells, which causes the rapid secretion of antimicrobial peptides (Fig. 3) . As opposed to the much slower action of TLRs, T2Rs seem to constitute a more immediate response mechanism of the sinonasal innate immune system. 4 There also are T1R2/3s expressed in solitary chemosensory cells, which evidence suggests may inhibit antimicrobial peptide secretion, in a response, antagonistic to the T2R response, when stimulated by glucose or artificial sweeteners. Even at physiologically low glucose levels in the airway surface liquid, such as in healthy patients (i.e., those without CRS and diabetes mellitus), this T1R pathway likely serves as a method to suppress activation of the T2R pathway. During times of active infection, glucose levels are lowered further due to pathogen consumption, and the T2R pathway can be activated. 4 This pathway may be particularly important for patients with CRS and/or diabetes mellitus because they exhibit elevated airway surface liquid glucose levels. 76, [83] [84] [85] 
CONCLUSION
Although great strides have recently been made in understanding the role of the innate immune system in the upper airway, there remains much to learn. To better substantiate our knowledge of the complex interactions among pathogens, their products, and the human immune response, questions regarding individuals' unique sinonasal microbiomes and combinations of TLR and taste receptor polymorphisms must be answered. The origins and ramifications of epithelial cell barrier malfunction, mucociliary clearance dysfunction, and differential regulation of antimicrobial compound secretion in the diseased state must continue to be studied so that we might have a better understanding of their respective defensive functions when everything is occurring as it should. It is clear that, in healthy individuals, there are numerous mechanisms at work to keep the sinonasal cavity and, as a result, the lower airway, free of microbial infection. Continued research focused on sinonasal innate immunity may lead to beneficial advancements in diagnosing and treating patients with diseases such as CRS and cystic fibrosis. 
